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Abstract Wet/dry mapping provides a low-cost, com-
prehensive snapshot for monitoring ﬂow conditions in
rivers with interrupted perennial (spatially intermittent)
surface ﬂow. When used in conjunction with more tradi-
tional point-speciﬁc stream ﬂow or groundwater measure-
ments, it provides a better understanding of hydrologic
systems at the broad landscape or watershed scale. Through
use of trained volunteers, we mapped reaches with surface
water during the driest time of year to track annual varia-
tion in length and location of perennial ﬂow. Data from
12 years of wet/dry mapping on the San Pedro River in
Arizona, USA, showed 62 reaches with surface ﬂow in
every year, totaling 32% of the river length through the San
Pedro Riparian National Conservation Area. They also
show areas with high year-to-year variation in ﬂow length,
which indicate changes in local groundwater conditions
and may provide early warning of ecological changes. Data
and maps from this project have been useful for a wide
variety of conservation, management, and research efforts.
Keywords San Pedro River  Arizona  Perennial 
Intermittent  Stream monitoring  Citizen science
Introduction
Perennial streams and their associated riparian communi-
ties have contracted or disappeared in arid and semi-arid
regions around the world, the result of surface diversions
and groundwater extraction (FitzHugh and Richter 2004;
Postel 2000; Stromberg and others 2004). The state of
Arizona, alone, has lost approximately 35% of its perennial
stream ﬂow in the past 200 years (Brown and others 1981).
The loss of streams and rivers has large social, economic,
and ecological consequences, so managers and concerned
citizens seek ways to track the status of these systems.
There is also growing scientiﬁc interest in the ecology of
spatially-intermittent streams and the lessons they offer for
understanding the effects of drought as a disturbance
regime, especially in anticipation of changing climates
(Humphries and Baldwin 2003; Larned and others 2010;
Sponseller and others 2010). Expansion and contraction in
the length of wetted reaches can cause large variations in
water quality, the composition of aquatic and riparian
communities, and metapopulation dynamics, so ecological
studies of spatially variable streams need to identify and
account for those hydrologic cycles (Larned and others
2010; Stanley and others 1997; Stromberg and others
2005). This suggests a need for cost-effective methods to
repeatedly map wetted reaches in intermittent streams.
Standard methods for monitoring stream and ground-
water conditions typically measure at a small set of geo-
graphic points (e.g., stream ﬂow at gages, groundwater
elevation at wells) at frequent time intervals. These provide
precise measurements of conditions at a few locations, but
require extensive interpolation to characterize basin-scale
conditions, and do not effectively communicate the
essential spatial relationships of complex hydrologic sys-
tems. In addition, developing long-term data sets requires
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maintain equipment and data collection (e.g., each U.S.
Geological Survey stream gage costs about $15,000/year to
maintain). Aerial photographs have sometimes been used
to determine extent of perennial ﬂow, but their utility is
impaired by riparian tree canopy which often obscures the
view of a stream in places with perennial ﬂow or shallow
groundwater.
Wet/dry mapping, as we have applied it, uses citizen
scientists to annually map the spatial extent of surface ﬂow
in a river. In contrast to most standard hydrologic moni-
toring methods, this approach measures conditions over a
large, continuous geographic domain, but at relatively
infrequent time intervals. The method provides a compre-
hensive snapshot of conditions for the whole river at the
same date each year, allowing comparisons of year-to-year
variability. Our use of wet/dry mapping described below
has run for more than a decade, with little cost, and has
provided useful data for water management, riparian
studies, and protection of aquatic species. It has also
engaged the local communities in understanding more
about the status of the river.
The goals of this paper are to: (1) describe the technique
of wet/dry mapping, and (2) provide an example of its
application to the San Pedro River, Arizona.
Study Site
The San Pedro River ﬂows 279 km (173 mi) north from its
headwaters in northeastern Sonora, Mexico, to its conﬂu-
ence with the Gila River in southeastern Arizona, USA
(Fig. 1). It is one of the few remaining free-ﬂowing
perennial streams in this semi-arid region, but has lost
more than 50% of its perennial length (Brown and others
1981). The river’s riparian forest supports more than 350
bird species and has some of the highest reported breeding
and migratory bird densities in North America (Skagen and
others 1998; Krueper 2000). In 1988, the US Congress
designated the San Pedro Riparian National Conservation
Area (SPRNCA), the ﬁrst of its kind in the nation, to
protect the riparian area and its aquatic resources.
Groundwater discharge supports the base ﬂows in the
river. Groundwater also supports the growing human popu-
lation inthe cityofSierra Vistaandinrural CochiseCounty,
Arizona. Wells in the Sierra Vista and Cananea subwater-
sheds (Fig. 1) remove water at 240% of the natural recharge
rate, approximately 145,000 vs. 60,600 m
3/day, causing a
large and growing deﬁcit in the water budget (Pool and
Dickinson2007).Thecontinuouspresenceofsurfaceﬂowin
theriver,alongwiththeshallowgroundwaterthatsupportsit,
isaprimarydriver of riparian conditionsand thus ofwildlife
habitat (Stromberg and others 2006). If historical trends
continue,declinesingroundwaterlevelsduetopumpingwill
eventually reduce base ﬂow in the river and damage the
riparian vegetation within the SPRNCA (Leenhouts and
others 2006). A combination of water conservation, reuse,
recharge, and augmentation projects in the Sierra Vista
subwatershed implemented by the Upper San Pedro Part-
nership and its member agencies have restored about
32,000 m
3/day toward the annual water budget in the Sierra
Vista Subwatershed in 2007 (USGS 2008), but a deﬁcit
remains.
Stream ﬂow levels at the Charleston gage (USGS station
09471000, Fig. 2) have traditionally been considered the
lead metric for the San Pedro River’s upper basin, pri-
marily due to the long period of record there. Summer base
ﬂow at the gage has declined over the past century, to the
point of zero ﬂow in July 2005 for the ﬁrst time since it was
established in 1903. This pattern is partly tied to declines in
warm-season rainfall (Thomas and Pool 2006). About 55%
of summer base ﬂow at Charleston consists of recharged
ﬂoodwaters from the previous warm season, a proportion
that ranges up to 80% at Palominas (Baillie and others
2007, Fig. 2). While other causes of base ﬂow decline have
not been quantiﬁed, they likely include groundwater
pumping from wells near the river and changes in riparian
and upland vegetation (Leake and others 2008; Thomas
and Pool 2006).
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Fig. 1 The San Pedro River watershed is located in southeastern
Arizona, USA, and northeastern Sonora, Mexico. The river ﬂows
north to its conﬂuence with the Gila River. Also shown are the
Cananea and Sierra Vista subwatersheds, and location of the San
Pedro Riparian National Conservation Area
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123Precipitation in the upper San Pedro River basin ranges
from 35 to 76 cm/year (14–30 in/year). It is predictably
bimodal, with a summer monsoon season from July
through September and a winter wet season December
through March. Stream ﬂow is lowest in April through
June, typically reaching its low point in June.
Despite wet and dry periods, no long-term trend appears
in the annual rainfall record for nearby Tombstone, AZ
(Fig. 2), for the period 1913–2002 (MacNish and others
2009; Pool and Coes 1999; Thomas and Pool 2006). While
year-to-year variation can have signiﬁcant effects on water
table elevation at the mountain fronts where most recharge
occurs, those ﬂuctuations are dampened as they move
across the basin so the amount of groundwater reaching the
river from the regional aquifer is fairly constant over time
(MacNish and others 2009; Wahi and others 2008).
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Fig. 2 This map shows the San
Pedro River and San Pedro
Riparian National Conservation
Area. The heavy river line
shows reaches which were
mapped as consistently wet in
all 12 years surveyed. Bars on
right side represent wet reaches
for each year, 1999–2010.
Labels on the far right identify
the 10 analysis segments, each
covering 8.06 km. The study
area includes three stream
gages, as shown: Palominas,
Charleston, and Tombstone.
Rainfall data reported here was
from the town of Tombstone,
not the Tombstone gage site
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From 1999 through 2010, staff from The Nature Conser-
vancy (TNC) and the US Bureau of Land Management
(BLM) coordinated efforts of volunteers to map the spatial
extent of wet reaches on the SPRNCA. The exact dates
varied slightly, but mapping was conducted during the third
weekend of June each year to coincide with the lowest ﬂow
before the expected start of the summer rainy season. For
the ﬁrst three years, mapping was conducted on the
80.6 km portion that lies within the SPRNCA, and only
data from that portion are presented here. Beginning in
2002, progressively more of the river and its tributaries
were surveyed, increasing to a high of 212 km in 2010,
76% of the total river length, from reaches within Mexico
down to its conﬂuence with the Gila River.
Surveyors were trained for consistency in data collection
each year, during a social event that also incorporated
sharing previous results, essential safety precautions, and
logistics. Groups were assigned to predetermined portions
of the river, ensuring continuous coverage along the river.
Surveyors recorded the beginning and end points of all
surface water reaches C9.1 m (30 ft) in length, using paper
data forms and consumer-grade global positioning system
(GPS; Garmin 76) units that we provided. They also dis-
regarded any dry gaps\9.1 m (30 ft) in otherwise wet
reaches. While those short wet or dry reaches may have
signiﬁcant ecological meaning as refugia or barriers, this
approach acknowledged the potential for cumulative
location errors inherent in the GPS units (e.g., due to
atmospheric distortions of the satellite signal), and sim-
pliﬁed data collection in areas with short gaps or small
pools. Most surveyors walked their portions, but some long
dry portions were also surveyed on horses or all-terrain
vehicles. The GPS units were collected and downloaded on
the survey days and the data examined for obvious errors or
omissions.
The resulting end-point coordinates were imported to a
geographic information system (ArcGIS version 9, Envi-
ronmental Systems Research Institute), and snapped to the
closest points on a linear representation of the river
(National Hydrography Dataset, 1:24,000-scale, US Geo-
logical Survey, http://nhd.usgs.gov), with manual correc-
tions for errors caused by river bends. By using linear
referencing, the wet reaches and overall surveyed reaches
were converted to tables with start and stop points along
the line. Because they share a common geometry, this
allowed easy manipulation and analysis of the spatial data
with common spreadsheet software and allowed direct
comparison between years. Starting in 2007, maps and
summary data from the wet/dry surveys have been posted
each year to a web site (http://www.azconservation.org) for
public distribution.
Data Analysis
To determine whether there have been localized changes
over time,we divided ourstudy areainto10 equalsegments,
8.06 km long (Fig. 2). These analysis segments were iden-
tiﬁed post-hoc, without regard for surface ﬂow or survey
effort, and were intended to provide unbiased analysis units.
Using program JMP version 8.0 (SAS Institute Inc.) the
wetted length within each segment across all years was
examined for normality with the Shapiro-Wilk test, and 7
segments showed signiﬁcant variation from a normal dis-
tributionata = 0.05.TheDurbin-Watsontestshowedthata
different set of 7 segments appear to have autocorrelation
throughtime.Thusallsegmentswereanalyzedfortrendwith
thenon-parametricMann-Kendalltest(KendallandGibbons
1990), using a correction for one-year serial correlations
withinprogramMultitestversion5(Grimvall,Libiseller,and
Wahlin, Linko ¨ping University 2009). For graphic purposes,
we calculated the Sen (1968) estimate of linear trend using
program MAKESENS version 1.0 (Finnish Meteorological
Institute).
The analysis segments were also compared to each other
for variation in their response to regional weather condi-
tions, using a null hypothesis that wetted length will vary in
the same direction and proportion for all segments in a
given year. Residual values were calculated by subtracting
the mean for all segments in a given year from the value of
each segment in that year. Pairwise comparisons between
the residuals of segments were made with the nonpara-
metric Wilcoxon signed rank test using program JMP.
Results
Total wetted length of the San Pedro River through the
SPRNCA varied from 35.8–57.3 km (mean = 42.8 km,
?/- 1.79 km SE). Across 12 years of surveys, we found
62 separate reaches of various lengths that each had surface
ﬂow in all years, totaling 32% (25.6 km) of the river
through the SPRNCA (Fig. 2). The length with surface
ﬂow in all years was less than in any given year, due to
year-to-year variations. Total wetted length was positively
correlated with the mean daily ﬂow rate at the Charleston
gage on the day of the survey (P = 0.001, R
2 = 0.68).
In all but two of the analysis segments, the wetted length
varied year to year (Figs. 2, 3), but only Segments 2 and 5
showed a signiﬁcant trend over time (Table 1). The
reported trend in Segment 5 is not meaningful, as it
describes a line of zero slope. The magnitude and direction
of year-to-year variation differed between segments, aside
from Segments 5 and 6 which were completely wetted in
all but one year. In pairwise comparisons of residuals for
all segments, we found signiﬁcant variation between most
500 Environmental Management (2011) 47:497–505
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Fig. 3 Wetted lengths for the 10 analysis segments shown in Fig. 1 are shown as scatter plots. Segments are numbered moving downstream
from south to north. The Sen (1968) estimates of linear trend are shown as dashed lines
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123pairs of segments. Only two sequential pairs of segments,
5–6 and 8–9, had similar year-to-year responses, as did
four non-sequential pairs (Table 2).
Discussion
Wet/Dry Mapping as a Monitoring Technique
Wet/dry mapping is a simple concept for monitoring
changes in surface water extent, and has been relatively
straightforward to apply. Despite some turnover among
organizers and participants, the methods have remained
consistent for more than a decade, aside from minor
reﬁnements in the data forms and training. The resulting
data have allowed both quantitative analysis and spatial
representations of conditions.
Wet/dry mapping has provided several insights that
were different from those offered by other monitoring
techniques. The total wetted length within SPRNCA was
correlated with stream ﬂow at the Charleston gage, but
those ﬂow measurements could never describe the spatial
arrangement of wet and dry stream channel, and wet/dry
mapping provided no details on the rate of stream ﬂow.
Wet/dry mapping also showed that identiﬁcation of
perennial reaches depends critically on which years are
examined.
Project costs included a one-time expense of $2,000 for 9
GPS units, along with annual costs of approximately ﬁve
days of BLM and TNC staff time for training and survey
events.Dataprocessingandcreationofdisplaymapsrequire
about another seven days of staff time each year. Expansion
of the project beyond the SPRNCA to the entire length of
riverintheUSandMexicohasbeneﬁttedfromefﬁcienciesof
scale, requiring very little increase in annual costs.
The Role of Citizen Science
The term ‘‘citizen science’’ has been used for projects in
which volunteers, who may have no scientiﬁc training,
collect data for research or monitoring projects directed by
scientists. The approach has been used for a variety of
efforts, including the Audubon Society’s Christmas Bird
Count, which has run annually since 1900. Citizen scientists
have worked on several other river conservation efforts in
Arizona,includingwaterqualitysamplingontheSantaCruz
and Verde Rivers. Such efforts often include social goals,
such as education and public participation in politically-
charged technical issues (Clark and Illman 2001). There is a
growing need for tools to resolve conﬂicts associated with
water management, and this type of participatory, citizen
sciencemaybehelpfulforbasinswhereconﬂictingopinions
exist in the absence of adequate streamﬂow data, or as a
supplement to standard stream gages.
Citizen scientists have been critical to the wet/dry
mapping project, and this volunteer approach had social
and scientiﬁc beneﬁts. This project engaged hundreds of
Table 1 Linear trends in wetted length over time were found in two
of the analysis segments, but only Segment 2 has a meaningful trend
since Segment 5 had zero slope
Kendall’s S statistic P-value (two-sided)
Segment 1 -6 0.681
Segment 2 32 0.028
Segment 3 26 0.075
Segment 4 18 0.217
Segment 5 21 0.025
Segment 6 4 0.742
Segment 7 -19 0.192
Segment 8 -16 0.273
Segment 9 4 0.784
Segment 10 22 0.123
Table 2 Pairwise comparisons between residuals by year for analysis segments, showing probability values calculated with the Wilcoxon
signed rank test
Segment 2 Segment 3 Segment 4 Segment 5 Segment 6 Segment 7 Segment 8 Segment 9 Segment 10
Segment 1 0.001 \0.001 \0.001 \0.001 \0.001 0.009 0.204 0.380 \0.001
Segment 2 \0.001 0.002 \0.001 \0.001 0.519 0.009 \0.001 \0.001
Segment 3 \0.001 0.001 0.001 0.002 \0.001 \0.001 \0.001
Segment 4 \0.001 \0.001 0.129 \0.001 \0.001 \0.001
Segment 5 0.625 0.002 \0.001 \0.001 \0.001
Segment 6 0.002 \0.001 \0.001 \0.001
Segment 7 \0.001 0.002 \0.001
Segment 8 0.470 \0.001
Segment 9 \0.001
Non-signiﬁcant values are shown in bold. Only two sequential pairs of segments had similar year-to-year responses
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123volunteers in understanding and appreciating the ﬂow
variability in their local river. They included elected ofﬁ-
cials, military personnel, environmental activists, ranchers,
business representatives, land managers, academics, and
regulatory agency staff getting their feet wet and sharing an
interest in the river’s life. As a result of their involvement,
we have been able to create a useful data set with a small
investment of time and money.
Implications for San Pedro River Management
Adaptive management toward the sustainable yield of
groundwater in this region will require that monitoring
programs, such as the wet/dry mapping effort, provide
feedback on the effectiveness of a wide spectrum of
management measures. Only by considering how surface
ﬂows are changing spatially, in a comprehensive manner,
can we fully understand the combined effects of manage-
ment efforts across the watershed.
As an example, the longest permanently wet reach,
occurring in Segments 5 and 6, coincided with an area of
shallow clay and near-surface bedrock (Fig. 2; Gettings
and Houser 2000; Pool and Dickinson 2007). While con-
tinual base ﬂows in these segments were documented in the
earliest years of this project, they are also almost perfectly
coincident with rising regional groundwater elevations
from a City of Sierra Vista efﬂuent recharge facility which
began operations in 2002 (Schmerge and others 2009).
While recharged efﬂuent is likely augmenting the magni-
tude of base ﬂows in that reach, no statistically-signiﬁcant
change in the spatial extent of ﬂows is evident. Changes in
the magnitude of ﬂows are still best detected by conven-
tional stream gage monitoring.
The increasing length of wetted channel in Segment 2,
in contrast to other segments, suggests a localized change
in groundwater availability. During the period of this study,
conservation land purchases retired 114 ha of irrigated
farm ﬁelds near or adjacent to the river in Segments 1 and
2, likely reducing water consumption in that vicinity (TNC
unpublished data). Wet/dry mapping cannot prove causal-
ity for changes in baseﬂows within a complex hydrologic
system. However, we do believe the method holds great
promise for distinguishing system-wide inﬂuences on
ﬂows, such as climate change, from the localized inﬂu-
ences of groundwater withdrawals or artiﬁcial recharge.
These insights can be helpful for reﬁning conservation
strategies.
Results of the wet/dry mapping project have had several
applications during the past decade. The organizing board
of the Upper San Pedro water district included the 2008
wet/dry map in their comprehensive water resources
plan (ADWR 2010). The USGS used wet/dry data to
delineate study reaches for riparian community conditions
(Leenhouts and others 2006). The BLM has used the data
to better understand the distribution and effects of beaver
activity on surface ﬂows since their reintroduction, and
academic researchers have used the data to help design
various research and monitoring efforts (e.g., Stromberg
and others 2006).
Implications for Ecological Research
Recent studies have noted that spatial intermittency in sur-
face ﬂow has large effects on ecological conditions within
aquatic and riparian systems (Boulton and Lake 2008;
Larnedandothers2010;Stanleyandothers1997;Stromberg
and others 2005). Repeated measurements in a few systems
have shown complex longitudinal patterns in ﬂow perma-
nence(theproportionoftimethatwaterispresent)leadingto
identiﬁcation of long-term average ﬂow permanence as a
driver of community structure in intermittent streams (see
review by Larned and others 2010). One measure of this has
been the percentage of time with surface ﬂow at a site in a
given year (Stromberg and others 2005).
This study shows that ﬂow permanence during a pre-
dictably dry season can vary across time as well as space in
a groundwater-fed, main stem river. While some reaches of
various lengths were consistently wet and thus perennial,
total wetted length varied widely from year to year within
most analysis segments and across the study area as a
whole. Thus, using a single-year assessment of ﬂow status
may give an inaccurate basis for analyzing the ecological
community in a spatially-intermittent stream. It also sug-
gests the need to test whether average ﬂow permanence or
a percentage of days with ﬂow is the best metric for the
ecological effects of intermittent ﬂow, or if some minimum
value has greater explanatory value.
Other Applications of the Wet/Dry Mapping Technique
This approach has been used in other stream systems
around Arizona, including Cienega Creek (conducted by
TNC, BLM, and Pima County), Agua Fria River (Arizona
NEMO), and several tributaries of the San Pedro (TNC).
Wet/dry mapping to monitor seasonal changes in ﬂow
length and groundwater conditions on part of Cienega
Creek have been conducted by the Pima Association of
Governments since 1999 (Fonseca 2008). Surface ﬂow was
mapped for ten years prior to that by a consultant using
aerial surveys, but they changed to walking surveys after
the riparian forest canopy closed over perennial reaches.
Pima County has also used their wet/dry data to identify
discharge cells for MODFLOW hydrologic models, and to
justify an instream ﬂow water right application by docu-
menting the extent of perennial ﬂow (J. Fonseca, personal
communication).
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123Conclusion
Wet/dry mapping on the San Pedro River has brought many
beneﬁts, and the results have had many uses. The ﬁnding
that roughly half of the river’s length continues to ﬂow all
year has changed many people’s perception of the river.
Before wet/dry data were available, some believed the river
had already disappeared and that ‘‘saving’’ it was a lost
cause, while others swore it ﬂowed almost continuously
over its entire length and that water management actions
were needless. We now know that the truth lies somewhere
in the middle of these perceptions, and that the difference in
outcomes between these extremes will likely depend on
decisions made in the near future. The role of collaborative
learning processes in effectively transforming science into
informed decisions will continue as one of the essential
factors that determine the fate of this river and of the waters
that sustain it (Richter and others 2009). Surface ﬂow has
declined relative to historic records, but a signiﬁcant portion
of the river still exhibits perennial ﬂows, a rarity for Arizona
and the desert Southwest. Is the San Pedro’s glass half
empty or half full? That will only be answered with cer-
tainty as adaptive management efforts apply new strategies
to ensure the river’s ﬂows into the future.
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